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FOREWORD 


In  conducting  research  using  animals,  the 
investigator ( s )  adhered  to  the  "Guide  for  the  Care  and 
Use  of  Laboratory  Animals,"  prepared  by  the  Committee 
on  Care  and  Use  of  Laboratory  Animals  of  the  Institute 
of  Laboratory  Animal  Resources,  National  Research 
Council  (NIH  Publication  No.  86-23,  Revised  1985). 

Citations  of  commercial  organizations  and  trade 
names  in  this  report  do  not  constitute  an  official 
Department  of  the  Army  endorsement  or  approval  of  the 
products  or  services  of  these  organizations. 
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We  have  analyzed  the  antibody  sensitivity  of  three  divergent 
isolates  of  HIV-1  in  a  new  plaguing  assay  that  detects  human 
retroviruses  as  discrete,  macroscopic  plaques.  Because  each 
plaque  derives  from  a  single  viral  infection  event,  the  plaques 
are  highly  sensitive  to  inactivation  by  neutralizing  antibodies. 
Sera  of  infecced  asymptomatic  patients  were  tested  for 
neutralizing  activity  against  one,  two  or  all  three  viral 
isolates,  to  determine  neutralizing  titer  and  specificity.  All 
infected  patients  made  neutralizing  antibodies,  and  the 
predominant  antibodies  were  group-specific,  as  defined  by  the 
ability  to  neutralize  divergent  strains  of  HIV-1  equally.  All  3 
viruses  shared  one  or  more  group-specific  neutralizing  epitopes, 
in  spite  of  the  high  degree  of  genetic  diversity  and  distant 
geographic  origins  among  them.  None  of  the  three  isolates  showed 
significant  antigenic  drift  or  even  a  modest  frequency  of  antibody 
resistant  variants.  The  apparent  lack  of  antibody  resistance 
among  otherwise  divergent  viruses  suggests  that  HIV-1,  by  evading 
neutralizing  antibodies  during  most  of  its  life  cycle,  may  have 
lost  an  important  mechanism  for  selecting  antibody  resistant 
variants  from  a  large  pool  of  random  mutants.  These  findings  may 
be  relevant  to  vaccine  design,  if  it  becomes  possible  for  vaccine 
antigens  to  elicit  similar  group-specific  neutralizing  antibodies 
prior  to  infection. 


■  Introduction 


Human  immunodeficiency  virus  type  1  (HIV-1)  is  the  causative 
agent  of  acquired  immunodeficiency  syndrome  (1,  2) .  Despite  rapid 
progress  in  the  isolation.  (3),  cloning  and  sequencing  of  the 
entire  viral  genome  (4-6) ,  relatively  little  is  known  about  what 
constitutes  a  protective  immune  response  to  the  virus  (7) .  For 
this  reason,  we  have  recently  developed  a  sensitive  plaque-forming 
assay  for  HIV-1  and  have  found  it  to  be  a  sensitive  and  specific 
measure  of  viral  inactivation  by  neutralizing  antibodies. 

Generally,  the  strength  of  plaquing  assays  is  the  ability  to 
divide  the  infection  of  a  monolayer  culture  into  individual 
molecular  infection  events,  followed  by  signal  enhancement  due  to 
exponential  growth  of  the  virus.  This  permits  detection  of  small 
numbers  of  viruses  and  facilitates  comparisons  between  different 
viruses,  since  each  is  based  on  the  same  multiplicity  of  infection 
(1  per  infected  cell).  It  also  provides  a  measure  of  the  initial 
infection  event  that  is  virus-based  rather  than  cell-based. 

Thus,  reduction  in  the  number  of  infectious  viruses  due  to 
neutralizing  antibodies  causes  a  corresponding  and  marked 
reduction  in  the  number  of  plaque  forming  units  (PFU)  detected 
(8,  9). 

Previous  efforts  at  developing  a  plaquing  assay  for  HIV-1  were 
thwarted  by  the  lack  of  a  suitable  monolayer  cell  that  was  both 
adherant  to  plastic  and  capable  of  supporting  the  growth  of 
HIV-1.  Recently,  a  CD4+  HeLa  cell  line  constructed  by  Maddon  and 
Axel  (10)  was  shown  to  support  the  growth  of  HIV-1.  We  now  report 
the  use  of  this  adherant  cell  line  to  form  a  suitable  monolayer 


for  growing  HIV-1  as  plaques.  Viral  plaques  are  detected  by 
transferring  the  infected  monolayer  to  nitrocellulose,  where  zones 
of  viral  RNA  (plaques)  are  labeled  by  hybridization  with  a  P32 
labeled  virus-specific  DNA  probe  (11) .  Thus,  we  can  detect 
plaques  even  when  no  microscopic  changes  such  as  cell  fusion  or 
cytopathic  effects  can  be  reliably  observed. 

Using  this  new  plaquing  method,  we  have  measured  neutralizing 
antibodies  to  HIV-1  with  a  high  degree  of  sensitivity  and 
specificity.  We  find  that  three  HIV-1  isolates  share  a  common 
neutralizing  epitope,  in  spite  of  highly  divergent  sequences. 
Nearly  all  infected  patients  make  antibodies  that  recognize  this 
site  (or  sites)  and  neutralize  the  laboratory  isolates  of  HIV-1  in 
a  group-specific  manner  (12) .  Finally,  in  spite  of  a  high 
frequency  of  base  substitutions  in  HIV-1,  we  find  that 
antibody-resistance  is  quite  rare,  perhaps  due  to  lack  of  the 
selective  pressure  needed  for  antigenic  drift  to  occur.  This 
assay  method  has  also  been  successful  in  measuring  viral 
inactivation  by  other  mechanisms,  such  as  binding  to  soluble  CD4 
receptor  protein  (13-15) .  Thus,  it  may  be  useful  in  the  search 
for  vaccines  and  other  biologic  agents  that  can  alter  the 
infectivity  and  replication  of  HIV-1. 
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Materials  and  Methods 

Cells.  The  adherent  CD4+  HeLa  human  epithelial  carcinoma  cell  line 
T4Ps5  (10)  was  generously  provided  by  Drs.  P.  Maddon  and  R.  Axel 
(Columbia  University,  New  York) .  This  line  was  constructed  by 
transforming  adherant  HeLa  cells  with  the  cloned  gene  for  CD4  and 
was  shown  to  support  the  growth  of  HIV-1  (10) .  Thus,  it  formed  a 
monolayer  which  was  suitable  for  detecting  HIV-1  plaques.  The 
cells  were  were  maintained  in  the  presence  of  C.5  mg/ml  Geneticin 
(G418  sulfate,  Gibco,  Brand  Island,  NY)  in  complete  medium 
containing  Dulbeco's  Modified  Eagle 's  Medium  (DMEM)  supplemented 
with  4.5  g/1  glucose  and  with  15%  heat  inactivated  fetal  calf 
serum,  100  U/ml  penicillin,  100  ug/ml  streptomycin  and  2  mM 
glutamine.  Uninduced  cells  expressed  surface  CD4  on  about  15%  of 
cells  (as  measured  by  cytofluorometry) ,  which  increased  to  30% 
after  induction  with  epidermal  growth  factor  (EGF)  100  ng/ml  for  l 
hour.  All  assays  were  done  with  induced  cells,  except  as  noted. 
For  use  in  the  plaquing  assay,  CD4+  HeLa  cells  were  grown  to 
confluence  in  a  75  cmA2  flask  (about  10A7  cells) ,  harvested  with  a 
rubber  policeman,  washed  once,  and  resuspended  in  5  ml  of  medium, 
and  30  microliter  were  added  per  culture. 

Sera.  Human  sera  were  obtained  from  asymptomatic  donors  who  were 
discovered  to  be  seropositive  by  routine  blood  bank  screening. 

They  were  confirmed  positive  by  demonstrating  reactivity  to 
multiple  bands  on  Western  blot  and  were  a  gift  of  Dr.  J.  Wai-Kuo 
Shih  of  the  NIH  Department  of  Transfusion  Medicine.  Normal  sera 
were  obtained  from  laboratory  workers,  and  three  additional  sera 
counted  in  this  group  were  false  positives  by  ELISA  testing  but 
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were  repeatedly  Western  blot  negative  over  a  period  of  6  months. 
Sera  from  patients  with  clinical  AIDS  were  a  gift  of  Dr.  Robert 
Yarchoan  of  the  NIH,  and  sera  from  patients  with  adult  T  cell 
leukemia,  seropositive  for  HTLV-I,  were  a  gift  of  Dr.  Thomas 
Waldmann,  NIH.  Sera  from  patients  with  autoimmune  diseases  were  a 
gift  from  Dr.  Laurence  Rubin,  University  of  Toronto  Medical 
School . 

Virus.  H9  cells  infected  with  the  IIIB  (5)  and  RFII  (6)  isolctes 
of  HIV-1  as  well  as  the  NIHZ  isolate  of  HIV-2  (17)  were  provided 
by  Drs.  Robert  Gallo  and  Howard  Streicher  (NCI)  and  by  Drs. 

Hiroaki  Mitsuya  and  Sam  Broder  (NCI),  and  A3. 01  cells  (18) 
infected  with  Z84  (19)  were  provided  by  Dr.  Thomas  Folks  (NCI). 
Virus  was  passaged  monthly  by  freshly  infecting  H9  cells,  as 
confirmed  by  the  appearance  of  viral  p24  antigen  in  the  culture 
supernatants  (20).  Infected  H9  cells  were  irradiated  (10,000  rad, 
Csl37  irradiator)  before  use. 

Virus -specif ic  DNA  Probe .  The  probe  was  a  slightly  truncated  9.2 
kB  fragment  of  the  cloned  BH10  isolate  of  HIV-1  (5)  and  was 
provided  by  Dr.  Chad  Giri  (Center  for  Biologies,  FDA) .  It  was  P32 
labeled  by  nick  translation  of  the  viral  DNA  with  a  kit  from  New 
England  Nuclear  (Boston,  Mass.),  followed  by  separation  of  the 
products  on  a  Sephadex  G50  spin  column,  giving  a  specific  activity 
of  2  X  10 A 7  cpm/ug.  As  shown  in  Fig.  1,  the  probe  was  able  to 
detect  a  dot  containing  the  amount  of  viral  RNA  in  5,000  infected 
H9  cells  but  there  was  no  background  signal  from  10A6  uninfected 
H9  cells.  In  subsequent  experiments,  with  acutely  infected  H9 
cells,  dots  containing  as  few  as  2,000  infected  cells  were 
detectable. 
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Plaque-forming  assay.  The  assay  can  be  divided  into  a  virus  growth 
step,  followed  by  a  plaque  detection  step  (Fig.  2).  CD4+  HeLa 
cells  were  incubated  for  1  hour  in  the  presence  of  EGF  100  ng/ml 
(Collaborative  Research,  Inc.,  Bedford,  Mass.)  followed  by 
polybrene  10  mcg/ml.  They  were  then  washed  and  infected  by  * 
incubation  with  various  dilutions  of  cell-free  HIV-1  or  with 
various  numbers  of  infected  H9  cells  for  2  hours  at  37'.  The 
cells  were  diluted  to  3  ml  and  plated  in  5  cm  tissue  culture 
dishes  (Costar,  No.  3060)  in  complete  medium  (without  geneticin) . 
The  next  day,  the  culture  medium  was  replaced  with  an  agarose 
overlay  containing  4  ml  of  0.6%  Seaplaque  agarose  (Marine  Colloids 
Inc.,  Rockland,  Me.)  in  complete  medium.  The  cells  in  the  culture 
dishes  were  diluted  about  1:80  relative  to  confluence,  and  they 
returned  to  confluence  in  about  7  days. 

If  zones  of  viral  infection  are  formed  on  the  monolayer  in  the 
first  step,  then  they  are  detected  in  the  second  step  by  DNA-RNA 
hybridization.  When  the  cells  of  the  infected  CD4+  HeLa  monolayer 
reached  confluence,  the  entire  monolayer  was  transfered  from 
plastic  to  nitrocellulose.  The  agarose  overlay  was  removed  from 
the  culture  dish  and  the  monolayer  was  washed  with  phosphate 
buffered  saline.  Pre-cut  circles  of  nitrocellulose  paper, 
saturated  with  0.05  M  Tris-HCl  pH  7  and  0.15  M  NaCl  were  placed  on 
the  cell  monolayer  surface  and  pressed  down  firmly  enough  to  make 
contact,  but  carefully  to  avoid  smudging.  The  discs  were  lifted 
off  the  plastic  and  placed  cell  side  up  on  a  filter  paper 
saturated  with  6%  formaldehyde  in  6  X  SSC  (0.15  M  NaCl  and  0.015  M 
sodium  citrate,  pH  7.0)  and  50%  formamide,  and  the  cells  were 
lysed  at  65'  for  10  minutes.  The  discs  were  transfered  to  filter 
papers  saturated  with  6X  SSC  and  0.1%  SDS  for  10  minutes  followed 
by  6X  SSC  for  10  minutes,  both  at  room  temperature.  The  discs 
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were  air  dried,  interleaved  with  Patapar  paper  (Schleicher  and 
Schuell,  Keene,  NH)  and  baked  in  a  vacuum  oven  for  1  hour  at  80®C. 

After  baking,  the  discs  were  washed  in  6X  SSC  at  65®  for  30 
minutes  and  then  placed  in  a  sealed  plastic  bag  with 
prehybridization  mix  containing  6X  SSC,  10%  dextran  sulfate,  5% 
Denhardt's  Solution,  0.1%  SDS,  0.1%  Poly  adenosine  (>100,000  MW), 
and  300  ug/ml  herring  sperm  DNA  (boiled  before  use) .  After 
prehybridizing  4  hours  at  65®,  the  discs  were  hybridized  with  a 
P32  labeled  viral  probe  in  fresh  prehybridization  mix  for  18  hours 
at  65®. 

After  hybridizing  with  the  probe,  the  filters  were  washed 
briefly  at  room  temperature  with  2X  SSC  with  1%  SDS  and  then  twice 
at  55*  for  30  minutes  in  the  same  buffer.  After  the  second  wash, 
there  was  usually  no  residual  radioactivity  in  the  wash  buffer, 
and  the  filters  were  washed  a  final  time  in  0.2  X  SSC  with  0.1% 

SDS  at  50*  c  for  30  minutes.  The  discs  were  then  dried  and  placed 
in  a  photographic  cassette  with  X-ray  film. 

Detection  of  neutralizing  antibodies.  A  known  titer  of  virus  or 
virally  infected  H9  cells  containing  between  100  and  3,000  plague 
forming  units  of  HIV-1  was  incubated  for  2  hours  at  37®  in  the 
presence  of  various  dilutions  of  serum  from  seropositive  patients 
or  immunized  rabbits  in  a  final  volume  of  50  ul.  This  material 
was  diluted  to  0.3  ml,  and  aliquots  of  100  ul  or  30  ul  were  used 
to  infect  30  ul  of  CD4+  HeLa  cells  by  incubating  together  for  2 
hours  at  37a,  followed  by  culturing  the  infected  cells  in  the 
standard  plaguing  assay.  The  neutralizing  titer  was  defined  as 
the  serum  dilution  giving  a  50%  reduction  in  plaque  number.  In 
addition,  each  serum  was  tested  at  antibody  excess  to  determine 
the  frequency  of  spontaneously  occurring  antibody-resistant 
variants  in  each  viral  stock. 


RESULTS 


Placrne  Formation.  Previous  attempts  at  detecting  HIV-1  plaques 
were  stymied  by  the  lack  of  an  adherant  monolayer  cell  able  to 
support  the  growth  of  the  virus  and  by  difficulty  visualizing  the 
cytopathic  effects  of  the  virus.  We  have  now  solved  the 
monolayer  problem  by  use  of  the  genetically  engineered  CD4+  HeLa 
cell  provided  by  Maddon  and  Axel  (10).  In  addition,  we  have 
developed  an  HIV-specific  detection  system  that  is  sufficiently 
sensitive  to  detect  the  amount  of  virus  in  a  single  plaque.  Our 
approach  was  to  use  a  modification  of  the  colony  hybridization 
method  described  by  Villareal  and  Berg  (11) ,  using  a  P32  labeled 
HIV-1  specific  probe.  In  this  way,  we  could  detect  plaques  form 
recombinant  vaccinia  virus  that  contained  the  HIV-1  env  gene  (a 
gift  of  Dr.  Bernard  Moss  (21)),  but  not  from  wild  type  vaccinia 
virus,  and  the  number  of  plaques  detected  by  hybridization  agreed 
with  the  number  of  lytic  plaques  detected  by  staining  the 
monolayer  with  neutral  red  dye  (not  shown) .  Thus,  our  P32 
labeled  HIV-specific  probe  could  detect  the  number  of  viral 
copies  in  a  single  recombinant  vaccinia  plaque. 

We  then  used  the  hybridization  method  to  detect  infection  of 
the  CD4+  HeLa  monolayer  by  HIV-1.  After  7  to  10  days  in 
cullture,  we  detected  discrete,  macroscopic  viral  plaques  by 
hybridization,  as  shown  in  Fig.  3.  The  plaques  were  0.5  to  1.5 
mm  in  size,  and  the  plaque  number  was  readily  determined  when  the 
exposed  film  was  displayed  over  an  x-ray  view  box.  The  number  of 
plaques  was  proportional  to  the  input  of  virus,  and  no  plaques 
were  formed  in  the  absence  of  virus.  Microscopic  observation  of 
the  monolayers  revealed  occasional  bizarre  forms,  including  some 
giant  cells,  but,  at  the  low  multiplicity  of  infection  used  in 
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expression  of  viral  genes  following  the  infection  event.  By 
counting  the  number  of  infection  events  (PFU) ,  we  could 
distinguish  between  these  two  mechanisms.  As  shown  in  Fig.  5, 
the  slope  of  antigen  production  vs.  PFU  remained  constant  in 
spite  of  EGF  activation,  indicating  that  the  ratio  of  antigen 
produced  per  plaque  remained  constant.  Thus,  EGF  treatment  of 
the  host  cell  gave  more  infection  events,  each  of  which  produced 
the  same  amount  of  viral  antigen  per  plaque.  Increased  plaquing 
efficiency  on  activated  CD4+  HeLa  cells  may  be  due  to  increased 
expression  of  the  CD4  receptor  by  these  cells.  Alternatively, 
increased  transcription  of  early  viral  genes  in  activated  host 
cells  may  lead  to  a  greater  frequency  of  productive  infections 
whicn  result  in  more  plaques. 

Plagues  from  divergent  isolates  of  HIV-1.  HIV-1  exhibits  a  high 
degree  of  sequence  variation  among  different  viral  isolates,  and 
we  wanted  to  study  plaques  from  a  variety  of  divergent  isolates. 
As  shown  in  Fig.  6,  plaques  were  detected  from  4  different  HIV 
isolates,  including  HIV-1  isolates  IIIB,  RFII,  and  Z84,  as  well 
as  the  HIV-2  isolate  NIHZ.  In  the  figure,  the  vertical  distance 
between  isolates  corresponds  to  the  number  of  substitutions 
between  them  (adapted  from  ref  24)  in  the  third  base  of  each 
codon.  In  spite  of  numerous  sequence  differences,  each  isolate 
infected  the  CD4+  monolayer  and  produced  discrete  plaques 
detectable  by  the  probe. 

Detection  of  Neutralizing  Antibodies.  In  other  experiments  we 
have  found  that  the  number  of  plaques  is  linearly  proportional  to 
the  input  of  cell-free  virus.  This  implies  that  each  plaque 
results  from  infection  by  a  single  virus,  since  the  number  of 
double  infections  would  increase  with  the  second  power  of  the 
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Clinical  Results .  Using  this  method,  we  have  measured  the 
neutralizing  activity  of  14  sera  from  asymptomatic  seropositive 
patients  on  the  IIIB  isolate  (Fig.  9)  and  11  sera  from  patients 
with  clinical  AIDS.  As  controls,  we  also  tested  11  seronegative 
normal  sera,  5  sera  from  HTLV  I  infected  patients  and  12  sera 
from  autoimmune  patients.  Each  serum  was  tested  at  the  1:20  and 
1:200  dilutions,  and  the  per  cent  neutralization  at  1:200  are 
shown  in  Fig.  9.  Sera  from  11  normal  controls  gave  <  12% 
neutralization  at  either  1:20  or  1:200.  In  contrast,  half  of  the 
seropositive  patients  neutralized  >50%  at  a  dilution  of  1:200. 
Thus,  the  median  neutralizing  titer  was  1:200,  and  some  patients 
had  titers  as  high  as  1:2000  and  1:6000  in  subsequent  assays. 
These  results  exceed  by  over  1  log  the  highest  titers  detectable 
by  earlier  assay  methods  (25-27) .  Of  eleven  patients  with 
clinical  AIDS,  3  out  of  4  with  Kaposi's  sarcoma  had  similar 
levels  of  neutralizing  antibodies  to  those  found  in  asymptomatic 
patients,  while  7  with  opportunistic  infections  had  generally 
lower  levels  of  neutralizing  antibodies. 

Sera  from  12  autoimmune  patients  and  five  patients  with 
antibodies  to  HTLV-I  also  failed  to  neutralize  HIV-1  at  either 
dilution.  Thus,  neutralizing  antibodies  measured  in  this  assay 
could  distinguish  between  two  members  of  the  human  T  cell 
retrovirus  family.  However,  when  7  of  the  asymptomatic 
seropositive  patients  were  retested  on  a  second  HIV-1  isolate 
(RFII)  they  all  neutralized  IIIB  and  RFII  equally,  indicating 
that  they  recognize  a  group-specific  neutralizing  epitope  for 
HIV-1  (12). 
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Frequency  of  Antibody-Resistant  Variants.  The  neutralization 
assay  provides  useful  information  both  at  antibody  dilutions 
causing  50%  inactivation,  which  gives  the  antibody  titer,  and  at 
antibody  dilutions  causing  99%  inactivation.  Under  conditions  of 
antibody  excess,  the  per  cent  of  virus  surviving  provides  a 
measure  of  spontaneously  occurring  antibody-resistant  variants  in 
each  isolate.  As  shown  in  Fig.  7  and  8,  both  IIIB  and  Z84 
contained  fewer  than  1  resistant  plaque  in  200,  while  RFII  was  <1 
in  100.  In  addition,  the  kinetics  of  inactivation  of  IIIB  were 
previously  reported  to  be  linear  over  the  first  two  logs  of 
inactivation  (12),  indicating  that  the  entire  IIIB  isolate  is 
uniformly  sensitive  to  antibody.  Thus,  in  spite  of  extensive 
molecular  variation  (24) ,  antibody-resistant  variants  of  HIV-1 
are  actually  quite  rare. 

Effect  of  soluble  CD4 .  Recent  reports  have  demonstrated  that 
soluble  recombinant  CD4  can  neutralize  HIV-1  in  vitro  (13-15) ,  as 
shown  by  the  inhibition  of  viral  gene  expression.  With  the 
plaguing  assay  we  could  determine  whether  the  antiviral  effect  of 
CD4  occurred  during  the  initial  infection  or  during  subsequent 
steps  of  the  virus  life  cycle.  As  shown  in  Fig.  10,  incubation 
of  virus  with  soluble  recombinant  CD4  for  2  hours  prior  to 
infection  of  the  monolayer  cells  gave  a  marked  reduction  in 
plaque  number  at  CD4  concentrations  of  1  ug/ml  or  greater.  Thus, 
CD4  inhibits  the  number  of  infection  events,  perhaps  by  mimicry 
of  the  cellular  receptor  for  HIV-1  or  by  competition  with  the 
receptor.  These  results  also  demonstrate  that  the  plaguing  assay 
provides  a  sensitive  measure  of  viral  inactivation,  regardless  of 
the  mechanism  of  inactivation. 
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Discussion 

We  have  developed  a  plague  forming  assay  for  HIV-1  that 
provides  a  sensitive  and  specific  measure  of  viral  inactivation 
by  neutralizing  antibodies.  As  demonstrated  originally  with 
antibody  mediated  inactivation  of  haptenated  bacteriophage  (8) , 
the  exquisite  sensitivity  of  PFU  to  neutralizing  antibodies  is 
due  to  the  fact  that  each  plague  results  from  infection  by  a 
single  virus,  so  inactivation  of  even  a  few  viruses  can  be  *  -  - 
detected.  Because  this  assay  measures  a  subset  of  antibodies 
with  biological  activity  against  the  virus,  it  may  be  selective 
for  just  those  antibodies  that  are  relevant  to  the  host's  immune 
response  to  HIV-1  infection  or  vaccination. 

The  specificity  of  the  neutralizing  assay  comes  from  the  fact 
that  only  a  minority  of  the  antibodies  that  bind  to  a  virus  can 
inactivate  it.  Only  the  subset  of  antibodies  that  bind  to 
neutralizing  epitopes  cause  viral  inactivation,  and  these  are 
quite  specific  for  each  virus  (28).  For  example,  HTLV-I,  which 
partially  cross  reacts  with  anti-HIV-1  antibodies  in  a  Western 
blot  (29),  fails  to  elicit  neutralizing  antibodies  to  HIV-1. 
However,  it  is  also  common  for  different  isolates  of  the  same 
virus  family  to  share  a  group-specific  neutralizing  epitope,  as 
shown  previously  for  HIV-1  (12,  30  -  32). 

By  comparing  the  sensitivity  of  two  divergent  virus  isolates 
to  the  same  antibody,  we  have  recently  demonstrated  group- 
specific  antibodies,  which  neutralize  both  isolates,  in  the  sera 
of  each  of  7  asymptomatic  seropositive  patients  (12)  .  Both  the 
IIIB  and  RFII  isolates  were  neutralized  equally,  despite  sequence 
differences  of  21%  in  the  amino  acid  sequence  of  the  envelope 
proteins  (6) .  Similarly,  in  the  present  paper,  we  have  extended 
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these  results  to  include  a  third  isolate  Z84,  which  is  even  more 

o 

divergent  in  sequence  and  more  distant  in  geographic  origin 
(19) .  Since  each  patient  was  probably  infected  with  yet  another 
non-laboratory  strain  of  HIV-1,  these  results  suggests  that  a 
major  group-specific  epitope  (or  epitopes)  is  widely  shared  among 
HIV-1  isolates,  including  laboratory  and  feral  strains  from  two 
continents.  Our  results  also  indicate  that  the  group-specific 
epitope  is  immunogenic  in  nearly  all  infected  patients. 

The  plaque  assay  provides  a  sensitive  digital  readout  of  the 
number  of  infectious  viruses  in  a  sample.  Only  with  such  an 
assay  could  we  analyze  the  antibody  sensitivity  of  hundreds  of 
viral  plaques  at  a  time,  in  order  to  detect  rare  variants.  In 
the  presence  of  excess  neutralizing  antibodies,  the  nearly 
complete  inactivation  of  all  PFU  indicated  that  fewer  than  0.5% 
of  the  viruses  in  each  isolate  were  spontaneously  antibody- 
resistant,  and  the  actual  frequency  may  be  much  lower. 

Superficially,  these  results  appear  to  contradict  the  known 
high  frequency  of  molecular  variation  among  different  HIV-1 
isolates.  However,  genetic  variation  is  also  quite  common  among 
other  RNA  viruses,  including  some  viruses  which  display  a  high 
tendency  for  antigenic  drift  to  escape  antibodies,  such  as 
influenza  (33),  and  other  viruses  which  appear  never  to  drift, 
such  as  poliovirus  (34) .  In  both  cases,  mutants  are  formed 
frequently  due  to  improper  base  substitutions,  limited  only  by 
the  nonviability  of  mutations  affecting  essential  viral 
functions.  But  these  mutants  only  serve  as  the  substrate  for 
immunologic  selection.  Without  selection  among  the  randomly 
formed  variants,  there  is  no  antigenic  evolution  toward  antibody- 
resistance.  Selection  is  mainly  accomplished  when  virus  tries  to 
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grow  in  the  presence  of  antibody,  but  it  may  not  occur  when  most 
infections  are  first  time  infections  or  when  the  virtis  evades 
antibodies  in  other  ways,  such  as  remaining  in  a  dormant  proviral 
state  during  most  of  its  life  cycle.  Thus,  given  the  rarity  of 
reinfections  (35)  and  the  prolonged  latency  of  integrated  virus, 
it  is  not  surprising  that  numerous  molecular  variants  of  HIV-1 
can  coexist  without  evolving  toward  antibody  resistance.  Our 
data  contradict  some  of  the  evidence  on  antigenic  drift  based  on 
bulk  cultures  (36) ,  but  agree  with  stronger  observations  based  on 
plaques  (37)  and  pseudoplaques  (30). 

Other  assay  methods  for  detecting  HIV-1  neutralizing 
antibodies  are  available.  These  include  the  VSV  pseudotype  assay 
(25) ,  immunofluorescence  counting  of  infected  cells  (26) , 
syncytium  formation  (27) ,  trans  activation  of  an  endogenous 
LTR-CAT  marker  (38)  and  infection  of  a  CD4+  monolayer  detected  by 
monoclonal  antibodies  (37).  Methods  requiring  microscopic 
observation  and  interpretation  tend  to  be  tedious  and  subjective, 
and  are  often  carried  out  at  high  multiplicity  of  infection  so 
that  a  visible  change  will  occur,  while  the  pseudotype  method  can 
only  measure  antiviral  effects  specific  for  the  envelope  protein 
and  only  at  the  start  of  infection.  In  general,  it  is  preferable 
to  measure  the  number  of  infectious  viruses  rather  than  the 
number  of  infected  cells.  This  makes  it  possible  to  divide  the 
infection  into  individual  infection  events  at  a  low  multiplicity 
of  infection,  as  we  have  done,  and  to  attain  maximal  antibody 
sensitivity. 

Our  results  with  patient  sera  suggest  that  neutralizing 
antibodies  may  have  biological  relevance  to  the  spread  and 
prevention  of  HIV-1  infection.  Nearly  all  infected  patients 
produced  neutralizing  antibodies.  These  antibodies  were 
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generally  capable  of  recognizing  a  group-specific  epitope  that  is 
shared  among  divergent  HIV-1  isolates  such  as  IIIB,  RFII,  and 
Z84.  The  group-specific  epitope  was  also  widely  shared  among  the 
pathogenic  strains  that  infected  our  patients,  since  the  various 
strains  that  infected  7  patients  all  elicited  group-specific 
antibodies  (12) .  The  group-specific  epitope  was  also  broadly 
immunogenic,  since  nearly  every  infected  patient  responded  to 
it.  The  general  correlation  between  a  patient's  titer  of 
neutralizing  antibodies  and  his  stage  of  disease,  whether 
asymptomatic  seropositive,  Kaposi's  sarcoma,  or  opportunistic 
infections  could  be  either  cause  or  effect.  The  predictive  value 
of  high  titered  neutralizing  antibodies  is  currently  unknown,  and 
most  infected  patients  progress  to  clinical  immunodeficiency  in 
spite  of  having  neutralizing  antibodies.  However,  the  prolonged 
duration  of  the  asymptomatic  infected  state  (39)  may  be  due  to 
neutralizing  antibodies,  and  the  rarity  of  reinfection  (33)  may 
also  be  due  to  group-specific  immunity.  Thus,  the  clinical 
evidence  is  consistent  with  the  hypothesis  that  neutralizing 
antibodies  might  protect  against  HIV-1  infection  if  elicited  by  a 
vaccine  antigen  prior  to  exposure  to  virus.  According  to  this 
hypothesis,  a  reasonable  intermediate  goal  for  noninfectious 
vaccine  antigens  would  be  to  induce  neutralizing  antibodies 
equivalent  to  those  elicited  by  infection  with  live  virus. 
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Figures 

Figure  1.  Detection  of  viral  nucleic  acid  in  infected  H9  cells. 
Different  numbers  of  infected  or  uninfected  cells  were  blotted 
onto  nitrocellulose  paper  and  viral  nucleic  acid  was  detected  by 
hybridization  with  a  P32  labeled  probe. 

Figure  2..  Method  for  developing  HIV-1  plaques.  Virus  is  grown  on 
the  CD4+  monolayer  for  7  days.  Discrete  foci  of  infection  are 
detected  by  transferring  the  entire  monolayer  to  nitrocellulose 
followed  by  cell  lysis,  baking  to  fix  viral  nucleic  acids  on  the 
nitrocellulose,  and  hybridization  with  a  P32  labeled  virus- 
specific  probe. 

Figure  2.  Plaques  from  cell-free  HIV-1,  The  CD4+  monolayer  cells 
were  infected  with  cell-free  supernatants  of  IIIB-infected  H9 
cell  cultures  and  assayed  for  HIV-1  plaques. 

Figure  4..  Antigen  production  and  PFU  were  measured  for  various 
input  amounts  of  IIIB  infected  H9  cells.  Plaque  formation 
depends  on  viral  infection  and  replication,  which  occurs  only  on 
a  CD4+  monolayer.  (K=10A3) 
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Figure  EGF  activation  of  CD4+  HeLa  cells  gave  increased  PFU 
and  increased  production  of  p24  antigen.  CD4+  monolayer  cells 
were  infected  with  25  X  10A4  (circles) f  5  X  10A4  (squares) ,  or 
10A4  (triangles)  infected  H9  cells.  Prior  treatment  of  the 
monolayer  cells  with  EGF  is  indicated  by  closed  symbols,  while 
the  untreated  monolayer  cells  are  indicated  by  open  symbols. 
Constant  slope  indicates  that  EGF  increased  the  plaque  number 
without  changing  the  production  of  viral  antigen  per  plaque. 

Figure  6.  Plaques  of  divergent  HIV  isolates.  H9  cells  infected 
with  each  viral  isolate  were  assayed  for  plaque  formation.  The 
vertical  distance  between  isolates  corresponds  to  third  base 
substitutions  in  the  codons  of  the  envelope  gene  (adapted  from 
ref  24) .  (Strain  Z84  corresponds  to  Zaire-1  in  ref  19  and  has 
been  substituted  for  Zaire-3,  which  it  resembles,  in  the  figure). 

Figure  2*  Antibody  sensitivity  of  IIIB  and  RFII  isolates.  H9 
cells  infected  with  either  isolate  were  incubated  with  various 
dilutions  of  a  patient's  serum.  The  surviving  plaques  were 
measured  in  the  standard  assay.  A  normal  control  serum  had  no 
effect  at  the  1:40  dilution. 

Figure  £.  Antibody  sensitivity  of  IIIB  and  Z84  isolates.  H9 
cells  infected  with  either  isolate  were  incubated  for  2  hours 
with  the  same  patient's  serum  as  in  Fig.  7  or  with  a  normal 
control  serum.  The  surviving  fraction  of  virus  is  V/Vo,  where  V 
is  the  number  of  PFU  surviving  in  the  presence  of  antibody  and  Vo 
is  the  number  of  PFU  in  the  absence  of  antibody.  Vo  for  the 
untreated  controls  were:  602  for  IIIB  and  936  for  Z84.  PFU  were 
determined  in  sextuplicate  for  IIIB  and  once  for  Z84.  25 


Figure  £.  Clinical  summary.  Each  patient's  serum  was  assayed  for 
neutralizing  activity  at  1:20  and  1:200  dilutions.  Symbols  are 
as  follows:  AIDS  patients  with  Kaposi's  sarcoma  (closed  squares) 
or  with  opportunistic  infections  (open  squares) ;  autoimmune 
patients  with  systemic  lupus  (closed  circles)  or  with  rheumatoid 
arthritis  or  Sjogren's  syndrome  (open  circles) .  The  per  cent 
neutralization  of  IIIB  at  the  1:200  dilution  is  shown  for  each 
serum  and  is  calculated  by  the  formula  (1-V/Vo)  X  100,  where  V  is 
the  number  of  PFU  surviving  and  Vo  is  the  number  of  PFU  with  no 
antibodies  added. 

Figure  10.  Soluble  recombinant  CD4  neutralizes  HIV-1.  Increasing 
doses  of  rCD4  were  incubated  with  cell-associated  virus  for  2 
hours  at  37®  followed  by  infecting  the  monolayer  cells  in  the 
presence  of  the  inhibitor  for  an  additional  5  hours.  Recombinant 
CD4  inhibited  PFU  at  concentrations  of  1  ug/ml  or  higher. 


26 


FIGURE  1 


DETECTION  OF  VIRAL  NUCLEIC  ACIDS 

*  *  o  m 

CELL  NUMBER 

Infected  «  # 

Uninfected 


FIGURE  2 


Plaque  Transfer  Method 


Virus  +  Antibody 

|  2  hr  at  37° 

Add  CD4*  Hela  Cells 

I  4  hr  at  37° 


7-10  Days 


Culture  Dish 


Infected  Foci 
on  CD4*  Monolayer 


|  Remove  Medium 

Transfer  to 
Nitrocellulose 


Lyse  Cells 

Bake 

^  Hybridize 


O 


Expose  Film 


27 


250K 

500K 


FIGURE  3 


Plaque  Transfer  Assay  of  Free  Virus 


Uninfected 


'V  ‘  **  •>  V'  * 


•i/W  100A  HIV 


;•*/ : 

f 


.  •  - 


33A  HIV 


28 


•  • 


FIGURE  8 


33 


FIGURE  10 


